transforming growth factor-J3 (TGF-ß) superfamily (1) . BMPs can induce de novo cartilage and bone formation, and appear to be essential for skeletal development during mammalian embryogenesis. Subcutaneous or intramuscular implantation of recombinant BMP-4 induces the formation of new bone. Furthermore, BMPs are involved in promoting bone healing in mammals (2) . Re cently, it has become evident that during fracture healing the concentration of BMP-4 increases dramatically (3, 4) . These observations suggest an important role of BMP-4 in bone remodeling and fracture repair.
BMP-4 is not only involved in osteoinductive events, but also in many other developmental processes such as tooth morphogenesis (5) , hematopoiesis (6) and neuronal differentiation (7) . BMP-4 is one of the best evolutionary conserved growth factors and is able to induce mesoderm formation. This was first described for BMP-4 homologues in Drosophila mekmogaster (8) and Xenopus laevis (9) , but also in mammals BMP-4 seems to be an important factor in mesoderm formation and patterning (6, 10) .
Although the role of BMP-4 s BMP which are completely identical in their coding region, but are different in their 5' non-coding regions. One of these transcripts was isolated from an osteosarcoma cell line (1) isolated from a prostate cancer cell line (11) . The regulatory mechanisms underlying specific BMP-4 expression in human are unknown, but may reflect a combination of transcriptional and post-transcriptional control. For understanding the molecular mechanisms of the transcriptional control of human BMP-4, it is essential to isolate and characterize the complete BMP-4 gene. Although the overall structure of the mouse BMP-4 gene has already been described (12, 13) , very little is known about the structure and functional organization of the human BMP-4 gene. A first report about the genomic structure of the human BMP-4 gene describes a fragment with two exons, containing the complete coding region (14) . However, non-coding exons and promoter regions have not been identified yet.
In this report, we describe the isolation and characterization of a cosmid clone containing the entire human BMP-4 gene. Furthermore, a specific RT-PCR was developed and used to detect BMP-4 specific transcripts in several human cell lines. The results presented here suggest that the gene contains at least two functional promoters.
MATERIALS AND METHODS
Screening of a human genomic library. A reactions were transferred directly from ice to 95 °C for 5 min., followed by 36 cycles at 95 °C for 1 min., 52 °C for 1 min., 72 °C for 2 min. and subsequently an extra extension step at 72 °C for 7 min. The nested PCR was under the same conditions, only with an annealing temperature of 54 °C instead of 52 °C. The sequences of the oligonucleotide primers for RT-PCR were the following:
). The integrity of the amplified fragments was confirmed by Southern blot hybridization, using a -,aP-labeled exon 3 specific-primcr (F4).
RESU LTS
Isolation of the Human BMP-4 Gene A 1.3 kb mmBMP4 probe was used to screen a human genomic cosmid library. This mouse cDNA probe was used because of the high degree of sequence conservation of BMP-4 cDNAs in different species (11) . One of the positive cosmid clones with a 38 kb insert was further purified and analyzed. Restriction fragments, obtained by several enzymatic digestions of the isolated cosmid DNA, were analyzed by Southern blot hybridization with BMP-4 specific probes. Positive fragments were subcloned and their nucleotide sequences were determined. The obtained se quences were analyzed by nucleic acid homology searches, showing that the 38 kb genomic clone contained the entire BMP-4 gene. In order to determine the exon/intron structure, we isolated and sequenced two human BMP-4 transcripts from Tera2RA cells (results not shown). Sequence analysis revealed that one transcript was identical to a previously described cDNA from an osteo sarcoma cell line (19) and that the other transcript was identical to a cDNA from a prostate cancer cell line (11) . Given the sequence information of both transcripts, together with the above men-tioned partial genomic sequences and genomic Southern blot analysis, we were able to resolve the exon/intron structure. We found that the gene consists of 5 exons, spanning approximately 7 kb ( fig. 1 ). In addition, comparison of both transcripts with the genomic structure indicated that one transcript contains exon 1, 3 ,4 and 5 (named B M P 4 .1) and that the other contains exon 2, 3, 4 and 5 (named BMP4.2). Both transcripts and the nucleotide position of the introns are shown in Figure  2 . To further characterize the human BMP-4 gene, we partially sequenced the exon/intron bound aries, using a combination of synthetic primers near possible splice sites ( fig. 2 ) and subcloning of exon/intron containing fragments. The exact localization and sequence of splice sites is shown in Figure 3 . All of the exon/intron boundaries defining the splice sites are conform the consensus sequence of A G at the 3' acceptor splice site and GT at the 5' donor splice site.
BMP-4 mRNA Expression
A specific RT-PCR method was used to detect the presence of the closely related BMP-4 mRNAs in different tumor cell lines. Cell lines derived from various tissues were chosen on basis of previous reports on BMP-4 expression (1, 14) . The BMP4.1 transcript is indicated by PCR using the primers F IA and R1C, followed by a nested PCR with the primers F IB and R ID . To indicate the BMP4.2 transcript, a PCR using the primers F2A and R 1C was performed, followed by a nested PCR with the primers F2B and R ID . After amplification with the nested primer combinations, fidility of the BMP-4-specific PCR products was confirmed by hybridization using primer F4, an exon 3 specific primer. In fig. 4 , a Southern blot is shown, containing the specific RT-PCR products indicating the presence of the two BMP-4 transcripts in various cell lines. Both transcripts were detected in the osteosarcoma cell lines U-2 OS and Saos-2. This was also the case for the embryonal kidney (HEK-293), the foreskin fibroblast (HF-V32) and the Tera-2RA cells. However, in Tera-2EC cells, the skin fibroblast (FI 1) and the osteosarcoma cell line MG63, only the BMP4.2 transcript was present.
DISCUSSION
The genomic organization of the entire human BMP-4 gene has been characterized from a 38 kb cosmid clone. BMP-4 is encoded by a single gene, which was previously mapped to chromosome 14q22-23 (15) . The transcriptional unit of the gene contains 5 exons and spans approximately 7 kb. Sequence comparison with the mouse BMP-4 gene shows a high degree of homology in the regions and a similar exon/intron structure. However, notable sequence differences are observed in the non-coding exons 1 and 2. The human exon 2 shows only slight homology with a sequence in the mouse BMP-4 gene, starting about 150 bp upstream of the mouse exon 2 (12) .
Molecular analysis showed that from the human BMP-4 gene at least two mRNAs are tran scribed, which share the same translation product but differ in their 5' region. The low level of expression, the high homology and the small difference in size between both BMP-4 transcripts, make it difficult to detect both transcripts by Northern blot hybridization. Therefore, we developed a sensitive RT-PCR to investigate the difference in BMP-4 transcription in various tumor cell lines. (BMP4.1) , is the same as HSBMP2B (19) , which contains exons 1, 3, 4 and 5. From the second transcript (BMP4.2) only the length of exon 2 is indicated (11) , which is spliced to exons 3, 4 and 5 at nucleotide position 262 of the HSBMP2B sequence (19) . The sequences of exons 3, 4 and 5 of both transcripts are exactly the same. Primers (arrow heads) are shown as reverse (R) and forward (F).
We found that both transcripts are expressed in a cell type depending manner. Interestingly, the BMP-4.2 transcript was detectable in all cell lines tested, while the BM P4.1 transcript was not.
Both transcripts, together with the exon/intron sequences, suggest the presence of at least two putative promoters. A differential regulation of these promoters might explain the difference in cell line-specific expression of both mRNAs. Most likely, one promoter is located upstream of the non-coding exon 1 and the other is present just upstream of the non-coding exon 2. Because of the genomic organization and the RT-PCRs, it is unlikely that BMP4.2 is a splicing variant of B M P4.1. Upstream of the coding region (exon 4 and 5), a non-coding region (exon 3) is present in both transcripts. Since the translation start site is located in exon 4, the transcription initiation from both promoters will result in identical protein products.
A variant of the BMP-4 m RNA has recently been cloned from a human placental cDNA library (20) . The 5' non-coding region of this transcript is different from the previously described mRNAs and the deduced amino acid sequence indicated deletion of six N-terminal amino acids. Therefore, it can not be excluded that additional promoters might be present, upstream of the two putative promoters reported here. Various transcripts have also been observed for a BMP-4 homologue in Drosophila melanogaster, decapentaplegic protein (dpp) (21) . These multiple dpp-specific mRNAs have been shown to result from several promoters and alternatively spliced 5'-untranslated exons. In the mouse, the BMP-4 gene also contains multiple non-coding regions and alternative promoters, which is in agreement with our results for the human gene (12, 13) .
Regulation of BMP-4 gene expression and further evaluation of the different BMP-4 mRNAs will shed new light on the detailed role of this gene during osteogenesis. The presence of the two separate promoters and the diverse transcripts in several cell lines derived from different tissues, suggests a cell or tissue specific regulation of BMP-4 gene expression. To gain more insight in the transcriptional regulation of the BMP-4 gene in man, further characterization of the two putative promoters is in progress.
